PHYSICAL REVIEW A VOLUME 60, NUMBER 3 SEPTEMBER 1999

Strong electric-field effects on the structure profiles of doubly excited resonances
in He ground-state photoionization
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Electric-field effects on the doubly excited resonant structures in He ground-state photoionization are inves-
tigated theoretically using the complex-rotation method witB-spline-based configuration interaction basis.
Angular-momentum states up kg,,,=3 are coupled together by the external electric field for the final states.

The variations of the structure profiles for thé =0 components of He (28§ and (2,) P° and 'D®
resonances for selected dc electric-field strengths are examined. The changes of the resonant energies and
widths are also presentel51050-29479)05009-X]

PACS numbegps): 32.80.Dz, 32.80.Fb, 32.60i
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I. INTRODUCTION A L 1 S S
. . . . . m m/ _MS ¢n/,n'/' (rler)v
With recent high-resolution intense light sources, the dou- s s 1)
bly excited Rydberg series of He has been observed and

resolved in photoionization experimentis2]. Parallel to the  whereA =(S, L, Mg, M|) represents a set of quantum num-

fast growing experimental techniques, significant progresgerssS, L, Mg, andM, . Sis the total spinL is the total

has also been made in the theoretical calculatj@rs]. orbital angular momentum, ar s andM | are the magnetic
This work presents the photoionization of He in the en-quantum numbers oS and L, respectively. The Slater-

ergy regions of the (2@ and (2,&) P° resonances under determinant wave function is constructed from the one-

the presence of external electric fields. Electric-field effectslectron orbitalaig, i.e.,

on such!P° states, to our knowledge, have not been inves- L

tigated either theoretically or experimentally, although the o ms(rl,r2)=(2!)’1’2det|u5(r ), 2)

electric-field effects on the photodetachment of lrave a lot nsn's #

of experimental works[6-9] and theoretical calculations and g represents the quantum numberg, /5, ms, and

[10-14. ms,, which define the one-electron orbital function. More

The B-spline-based complex-rotation method is used to . o : -
investigate the electric field effects on He @ %nd (2,&) zgicg';zlsly’iug/ mm, IS given by the product of its spatial and

1p° and 'D® resonances in the photoionization from the He
ground state. With a nearly complete set of finité basis
functions, the B-spline-based configuration interaction Un/mm (1) =
(BSCI) basis has successfully applied to two-electron and
divalent atoms[15]. On the other hand, recently the
complex-rotation method has been used in the study of H
ground-state photoionizatio,16] and the hydrogen atom
in external electric or magnetic field47,18. In the present The nonrelativistic radial functionsy,, satisfy the
investigation, we concentrate on the @5%nd (2,&) 1P° ei . n

. . genequation
states because the required field strengths for the phenom-
enon predicted in our work are very likely available in to- h, Xn/= €nsXn/ - (4)
day’s laboratories.

m m  —M_

XnAT)
r

Y, m(0,@)o(m). )

Note that the only component in the basis functions that is
fot predetermined is the radial paytof the one-particle
orbital functionu.

The one-particle Hamiltonian in atomic unit is given by

1d> zZ 1/(/+1)
Il. THEORY h/(r): ___2__+_—2 . (5)

A. BSCI basis for two-electron atoms ro2 r

For two-electron atoms within the central-field approxi- The solutiony,,, is expanded in terms of a setBfsplines of
mation, the two-electron basis functiqrﬁ/’n,/,(rl,rz) can orderK and total numbeN defined betweem=0 andr
be expressed as a sum of two-particle Slater-determinarit R, i.e.,
wave functions over all magnetic quantum numbers in the
form of [15]

N

XnA1)= 2, CiBi(r). (6)

i=1

A _ = 12
()= 2 (=17 T[(2S+1)(2L+1)]
Yoo (Talz allm's The indexK is omitted from the functions; for simplicity.
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B. Complex-rotation method C. Photoionization cross sections

The Hamiltonian for two-electron atoms in an external The photoionization cross sectian(E) from the initial
field is [19] state| V) with energyE, can be expressed in the dipole-
length approximation aén a.u) [17,1§

H=T+V+F.r, (7)
whereF is the external field and=r,+r, is the position o (E)=4maAE Im >, E(0)—E ,
operator. The kinetic and potential operators in atomic units v v 15
are given by (15
1 1 where « is the fine-structure constarAE=E—E, is the
T=— —Vi_ —V% (8) transition energyD"=¢-r is the dipole-length operator for
2 2 polarizatione, and R(0®) is the complex rotation operator
given by[17]
and
r-p+p-r
Z Z 1 R(®)=ex ——2 . (16
Voo o ©
i f2 T2

The photoionization cross section can also be expressed in
respectively, where,,=|r,—r,| andZ is the nuclear charge. the dipole-velocity approximation & a.u)
The field strength in atomic unit is 1 asa5.14x 10° V/cm.

In the method of complex rotation, the radial coordinates V,(0)[R(0)DY|Wq)?

dV(E)=4maAE 1 Im D, <

are transformed by E(0)—E '
. 1
r—re®, (10 an
o . where DV=¢-(V,;+V,). Note that the complex-rotated
and the Hamiltonian can be written as Hamiltonian can be formally written 44.7]
H(®)=Te #®+Ve '+ F.re'® (11) H(®)=R(O®)HR(-0). (18)
Complex eigenvalues are obtained by diagonali#i{€) in Writing the complex dipole matrix into the real and

a BSCI basis of real functions, and the complex resonancinaginary parts as
energy is given by

(¥,(0)|R(®)D|¥)=B,+iC,, (19
E=E, —il/2. (12)
whereD=D" andDV in the length and velocity approxima-
The eigenstates dfi(®) are normalized agl7,20 tions, respectively, the photoionization cross sect(f)
can then be parametrized and separated into nonresonant and
H(®)|¥,(0))=E,(0)|V,(0)) (13)  resonant parts d$,17]
and TE)= 01+ 0,(E). @0

(V,(0)|¥,(0))=4 (14)

v
In Eq. (20), oo(E) is the background cross section and
where(W¥ (0)| denotes the transposed value|¥ ,(0)), o,(E) is a modified Fano profile function for theth reso-

not the Hermitian conjugate. nance given by16]

TABLE I. The calculated resonant energiés (in a.u), widthsT" (in a.u), Fanoq parameters, and the fitted background cross sections
oo(E) and o (in Mb) of the He (2,%) 'P° and 'D® resonances for the parametrizeqE), as defined by Eq(24). The weakly
energy-dependent,(E) is expressed in a linear fit as a function of enekgiyn a.u., i.e.,oq(E) =a+bE. The electric-field strengths are
in atomic units. Numbers in square brackets indicate powers of 10.

(2,5a) tP° (2,5a) 'D® oo(E)

F E, r q op E, r q op a b

0 —0.521450 6.56-5] —2.88 1.086 —0.522646  1.20-4] 9.21 15.48
2.9-5] —0.521566 5975 —2.86 1.083 —-0.522707 1.24-4] -280 3.6-3] 1155 19.94
5.0-5] -0.521885 4.7p-5] —2.81 1.052 —-0.522875 1.10-4] -2.83 0.016 1857  33.32
7.9-5] -0.522339 3.65 275 0.939 -0.523122 9.3¢%-5] -—2.86 0.042 28.89 53.04
1.0-4] -0.522880 2.88-5 —2.67 0.700 —-0.523426  7.4r5] -2.87 0.096 14.79  26.04
1.29-4] —0.523465 2.25-5] —2.40 0.298 -0.523786 5.80-5] -281 0.209 17.74 31.64

1.5-4] -0523969 1.56-5] —9.74 3.3-3] —0524315 5315 -2.48 0230  27.01 49.32
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FIG. 1. Electric-field effects on the He ground-state photoionization in the energy region of tag {R%resonance at a field strength
F varying from 0 to 1.5 10 % a.u. The vertical scale is kept uniform. The solid lines are our calculated photoionization spectra using Eq.
(17). The fitted results in open circles are obtained directly from the parameti@e}ll defined by Eq(24) with the parameters given in
Table I. The calculated background cross sectiog(E) in Eq. (24) are also shown as dashed lines.

(q,+&,)? =0 components of resonant states could be excited from the
o (BE)=op ————1|, (21) s ground state. Angular-momentum states wigf, 'P°,
(1+e)) ID®, and 'F° are coupled together to form a BSCI basis of

3680 configurations by the external electric field for the
M_ =0 components. We first investigate the He €3,5P°
resonant state and a nearby @,%D°® state. For the field-
free case, the resonant energy and width for thea(2:B°
B state areE,=—0.521450 a.u. and’=6.56<x10 °a.u., in
q,= - — (Fanoq parametey, (22) 9ood agreement withE,=—521489 a.u. andl'=6.58
C, X10 °a.u. [22]. They are also comparable t&, =
—0.521500a.u. ?ndf =6.05<10 °a.u. given in Ref[5].
» v As for the (2,%) D€ state, the resonant energy and width
op=8mag(E) - (background, areE, = —0.522 646 a.u. anfl = 1.29< 10 * a.u., which are
comparable toE,=—0.52272 a.u. and'=1.19<10 *a.u.
whereE, andI', are the resonant energy and width of the[22].
vth resonance, ang(E)=AE andAE 1! in the length and In a rigorous theoretical approach, not only the final state,
velocity approximations, respectively.df,, I, , anday, can
be regarded as independenttbbver a sufficient rangg21],

where

e,=(E—E,)/3I', (reduced energy

2

-0.5200 T T T 15
the resonant strengt®, of the vth resonance can be defined He (2,53) 10
as[16,21] -0.5215 ‘mx"""‘,,x’/ E - 12 | He(2,5a)‘D°-
+o T S -0s280 [ § § 09
— . 7 2_ 1y 8 <
S, f » dEo,(E)= 5 opl',(q,—1); (23 < s | e (2sa) D" 5 s Fa
—~ .
i.e., S, gives the area under the modified Fano profile func- o0 T A
tion o, of the vth resonance. - R oo LHCESR) P
0.0 0.5 1.0 1.5 20 00 05 1.0 1.5 20
Ill. CALCULATIONS AND RESULTS F(10% au) F (10 au)
In the presence of an electric fielt¥, remains a good FIG. 2. Electric-field effects on the resonant energies and widths

quantum number. For a linearly polarized light with the di- of He (2,5) *P° and (2,%) 'D® states. The spline fits are used to
rection of polarization parallel to the electric field, tivg connect the calculated data points.
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38 T T y (2,5a) 'D® resonances, the parametrizedE) defined by
s0 b ] Eqg. (20) can be simplified as

- 25 F ” . 3

5 ' He (2,5a) 'P° 2 (q,+e,)?

mm 20 F x/ ] O'(E):UO(E)-FE op 2—1}, (29

'Q 15 F 1 v=1 (1+8V)

5 "‘x'

(/)] L 3 . . L
0 He (2,5a) 'D® e where the sum over the resonance indeis limited to the
05 f (2,52) 1P° and (2,%) D¢ states. Note that the resonant en-
oo ergy E, and widthT", of a statev in the reduced energy,

0.0 03 06 09 12 15 =(E—E,)/3I', are obtained directly from the complex ei-
genvalueE (®)=E,—iT",/2, and the Fan@ parameteq,
can be calculated using Eq22). The weakly energy-
FIG. 3. Field variations on the resonant strengghof  dependent background cross sectioR¢E) and oy, are de-
He (2,3) 1P° and (2,%) !D° states, whereS is defined by Eq. termined by a linear and a constant fit, respectively. Table |
(23). The spline fits are used to connect the calculated data pointdists all the parameters for the parametrize(d) defined by
Eq. (24), including the calculated resonant energies,
but also the initial'S® ground state should be obtained by widthsT', Fanoq parameters, and the fitted background cross
the diagonalization of the Hamiltonian with the externalsectionsoo(E) and oy,. Figure 1 presents the electric-field
electric field to account for the tunneling effects induced byeffects on the resonant structures for the HedR{%° and
the electric field. However, our calculations have shown that(2,5a) ‘D¢ states. The solid lines are our calculated photo-
after the Stark mixing, the ground state is still nearly a pureonization spectra using E¢L7). For a given energy region,
1s® state for all the electric-field strengths under the presenabout 1000 data points are used to construct the solid curve.
investigation. Therefore the tunneling effect for the groundThe open circles are the parametrize(E) obtained by us-
state in the presence of an electric field can be ignored. In thimg Eq.(24). The calculated background cross sectgy(E)
present calculation, a BSCI basis of 3860 configurations isn Eq. (24) is also given in Fig. 1, and as expected, it is
used for the strongly correlated H8°® ground state. Since indeed weakly energy dependent. The agreement between
the agreement between the length and velocity results is bethe parametrized(E) and the calculated one is nearly per-
ter than 5%, only velocity results are shown throughout thisfect. In the absence of an electric field, only tHe° state can
paper. be accessed from the H8° ground state by single-photon
In the energy region around the He (83P° and absorption. When the external electric field is turned on, the
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FIG. 4. Electric-field effects on the He ground-state photoionization in the energy region of tag {R%resonance at a field strength
F varying from 0 to 6.25% 10 ° a.u. The vertical scale is kept uniform. The solid lines are our calculated photoionization spectra using Eq.
(17). The fitted results in open circles are obtained directly from the parametwi@e}l defined by Eq(24) with the parameters given in
Table Il. The calculated background cross sectiop&E) in Eq. (24) are also shown as dashed lines.
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FIG. 5. Electric-field effects on the resonant energies and widths 0.00 125 250 875 500 625

of He (2,6) 1P° and (2,4) !D¢® states. The spline fits are used to F(10% au)

connect the calculated data points. ) o
FIG. 6. Field variations on the resonant streng@hof He

(2,6a) *P° and (2,&) 'D® states, wheré is defined by Eq(23).

nearby!D® resonance is induced by tH&®° state due to the P al _
'e[he spline fits are used to connect the calculated data points.

Stark mixing of these two resonances. The magnitude of th
ID® resonance increases for increasing electric-field
strength, and the magnitude of th&° resonance decreases X 10 * and 1.75<10 *a.u. for the'P° and 'D® states, re-
when the field strength is increased. Eventually, fi? spectively, and start to increase Bsis further increased.
resonance is practically quenched at abobt=1.5 Before the field reaches such a critical strength the ex-
x 10 *a.u. As for the!D® state, its magnitude is first in- ternal field is not strong enough to break ttveo-electron
creased for increasing field strength untF=1.25 bondingdue to the strong correlation effects of the two dou-
X 10™ % a.u. approximately. After that, the quenching effect isbly excited electrons. The external field in the weak field
also applied to theé'D® state when the field strength is fur- cases simply acts as a mixing agent for the pair and other
ther increased. neighboring states, resulting in the decrease of widths for the
Figure 2 shows the changes of resonant energies antP® and D¢ pair, as was discussed earlier in the text. Once
widths of He (2,%) P° and (2,%) !D® states, where spline the field strength reaches a critical valle, the two-
fits are used to connect the calculated data points. Initiallyelectron bondingis broken by the external field; the one-
when the external electric field is turned on, the resonanglectron tunneling effect then starts to dominate the autoion-
energies start to shift downward for both thB° and 'D® ization processes. At the high-field region, the widths start to
states due to thquadratic Stark effecf23,24], and the en- increase in a more rapid fashion. Such a phenomenon is due
ergy separation between them becomes smaller. When theg the fact that the effective potential barrier, formed by the
reach the avoided crossing at ab&ut 1.25x 10 %a.u., the  combination of the atomic potential and the external dc field,
IDe state by then has about the same maximum cross sectiovould become narrower as the external electric-field strength
as theP° state through the redistribution of magnitude asincreases further. The time required for an electron to tunnel
shown earlier in Fig. 1. After passing the avoided crossingput of the potential barrier would therefore be shorter, result-
the resonant energies are shifted downward all the way. Agg in the broadening of the autoionization width in the high-
for the resonant widths, it is seen that initially when the fieldfield region[25].
strength is increased, the widths start to decrease as a resultDetailed field variations of the resonant stren§tbf the
of losing autoionization intensities to other singlet-spin statesde (2,5) 1P° and 1D® states are shown in Fig. 3. Again, the
[24]. The identification of such states is outside the scope o$pline fits are used to connect the calculated data points. It
our present investigation. Nevertheless, it is an outstandingan be seen that thtD® state attains the maximum resonant
question which should be studied in the future. The widthsstrength at the avoided crossing ndas=1.25x10 “a.u.,
reach minima at critical field strengtlts. at aboutF.=1.5  which further suggests that the strongest Stark interaction

TABLE II. The calculated resonant energi€s (in a.u), widthsT (in a.u), Fanoq parameters, and the fitted background cross sections
oo(E) and o (in Mb) of the He (2,8) !P° and 'D® resonances for the parametrizedE), as defined by Eq(24). The weakly
energy-dependent,(E) is expressed in a linear fit as a function of enelgiy a.u., i.e.,oq(E)=a+bE. The electric-field strengthis are
in atomic units. Numbers in square brackets indicate powers of 10.

(2,6a) tP° (2,6a) 'D® oo(E)
F E, r q ah E, r q ah a b
0 -0.514710 4055 -2.71 1135 -0515408 6.9 5] 13.44  23.79
1.29-5] —0.514821 3465 —267 1133 -—0515462 645 —3.00 4.5-3] 19.97 36.43
2.9-5] -0.515107 2.4p-5] -—2.63 1.074 -—0.515604 5.3p-5 —3.01 0.022 38.04 71.42
3.74-5] -0.515490 1.70-5] -2.58 0.875 —0.515792 4.1p-5] —2.98 0.069 27.73 5141
5.0-5] -0.515896 1.0p-5] —1.98 0284 -0.516017 3.20-5] —2.87 0.251 37.44  70.22

6.29-5] —0.516 097 1.14-5] —4.41 0.039 —-0.516450 2.6[-5] —2.31 0.227 72.45 138.1
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between the'P° and D¢ states is occurred at the avoided magnitude and resonant strength are first found to increase to
crossing. the avoided crossing at abobt=5.0x 10 ° a.u. After that,

A similar Stark effect between th&° and 'D® states is  its magnitude and resonant strength are also found to be
also found in the other (Ba) pairs, such as in the energy diminished as the field strength is increased further.
region of the (2,8) *P° resonance shown in Figs. 4—6 and  In summary, we have carried out a theoretical investiga-
Table II. For the field-free case, the resonant energy antlon of strong electric-field effects on the He (&2)5and
width for the (2,&) 'P° state areE,=—0.514711a.u. and (2,6a) 'P° and 'D® resonances. Our findings hopefully will
I'=4.05x10 %a.u., which are comparable toE,= stimulate experimental activities to investigate such an inter-
—0.51472a.u. andl'=3.8x10 °a.u. [22]. As for the esting phenomenon.
(2,6a) ID°® state, the resonant energy and width &e=
—0.515409 a.u. anfl =6.94x 10" ° a.u., which are compa-
rable to E,=—0.515435a.u. and’=6.8x10 °a.u. [22].
The magnitude and resonant strength of ti®° state are This work was supported by the Academia Sinica and the
found to decrease when the field strength is first turned orational Science Council. The authors would like to thank
and eventually it is practically quenched at ab&ut 6.25  Professor T. N. Chang and Professor K. T. Chung for many
X107 % a.u.(~321kV/cm. As for the nearby'D® state, its  useful discussions.
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